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BASEBAND BLOCKS NOISE PARTITIONING
IN MULTI-STANDARD WIRELESS RECEIVERS
EMBEDDING ANALOG SIGNAL CONDITIONING

Silvian SPIRIDON?, Florentina SPIRIDON?, Claudius DAN?, Mircea BODEA?

Rezumat. Lucrarea prezinta strategia partizionarii zgomotului ntre blocurile componente
ale paryii de joasa frecvenga ale unui radio receptor multi-standard cu conversie directa de
frecvensa bazat pe condifionarea analogicd a semnalului. Tn urma unei analize de prim
ording la nivel de sistem, lucrarea construiesze un model de zgomot pentru blocurile
componente ale partii de joasd frecventd. Modelul este centrat pe sub-circuitul cu este
contruitd partea de joasd frecventd a receptorului multi-standard: amplificatorul diferential
cu reactie negativa. Astfel, contributiile individuale ale blocurilor componente ale partii de
Jjoasa frecventa ale receptorului sunt calculate. Scopul principal al lucrarii este tratarea
corespunzatoare a compromisului intre consumul de putere si arie in vederea partitionarii
zgomotului Tntre blocurile componente ale partii de joasa frecventa ale receptorului.

Abstract. This paper presents the noise partitioning strategy for the Low Frequency (LF)
part of Direct Conversion CMOS multi-standard wireless receiver embedding analog
baseband signal conditioning. Based on a first order system level analysis, the paper builds
a noise model for the receiver LF part blocks. The in-depth circuit level noise analysis
centers the model on the LF chain building brick: the fully differential feed-back amplifier
embedding a linear feedback network. The baseband noise partitioning is shaped by the
trade-off between the LF part active circuits’ power consumption and the LF part passive
components area. In order to efficiently address this trade-off the paper introduces a new
concept: the baseband noise excess factor (k.r). The factor accounts the feed-back amplifier
excess opamp noise contribution with respect to its feed-back resistors noise contribution.
Thus, by sizing the factor the designer is enabled to proficiently trade-off the between the
circuits power consumption and area.
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1. Introduction

The homodyne quadrature down-converter architecture provides the optimum
solution for the implementation of Re-Configurable Multi-Standard Radio
Receivers, [1]. In spite recently newer digital assisted techniques have been
introduced to allow the reduction of the analog circuitry [2, 3], the most common
multi-standard receiver architecture embeds analog signal conditioning.
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In [4] the multi-standard receiver architecture embedding analog signal
conditioning has been presented and the receiver building blocks have been
introduced. Basically, the receiver chain is split into a high frequency part (HF),
comprised by the Low Noise Amplifier (LNA) and the g stage of the quadrature
down-converter mixer (MIX) and a remaining baseband, low-frequency (LF) part,
following the mixer’s switching stage. After mixing, the signal is conditioned by a
channel selection Low Pass Filter (LPF) and a Variable Gain Amplifier (VGA),
before its conversion to digital by an analog-to-digital converter (ADC).

Section 2 analysis the receiver LF part building brick: the fully differential low
power amplifier embedding a linear feed-back network. In Section 3 the receiver
noise partitioning between its HF and LF parts is reveled, while Section 4
introduces the LF part noise excess factor ki r.

Section 5 reveals the trade-off between the LF part blocks power consumption and
area; in Section 6 the baseband noise partitioning is completed by giving the same
importance to both area and power consumption of the LF circuits. Finally,
Section 4 closes the paper by presenting the conclusions.

2. Low Frequency Chain Building Blocks

The main target in designing the CMOS multi-standard radio receiver LF blocks
is the development of a modular architecture that ensures design robustness with
respect to both the multi-standard environment (i. e. the variable baseband
bandwidths) and the easiness of design porting to a smaller feature CMOS
process.

The optimal direct conversion receiver design makes the noise of the baseband
chain less critical (due to the RF front-end gain), while linearity performance is
more stringent (due to lack of consistent filtering on the RF path). Thus, the
feedback use represents the only way the designer can control and,
subsequently, meet the specifications, alleviating the specifics of the technology
implementation, [5].

This aspect becomes more and more critical as the SoC implementation moves
towards deep sub-micron CMOS processes, where system level design should
not be limited by particular technology characteristics, like leakage, for instance.
Hence, all baseband blocks will contain opamps that sustain a feed-back
network.

The basic schematic of the baseband chain building blocks is presented in
Fig. 1.a, redrawn from [4]. The base amplifier is a fully differential opamp,
while the feed-back network is made out of linear elements, like resistors or/and
capacitors.
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Fig. 1. — a. LF Chain Building Brick and b. Generic Opamp Implementation.

The optimum design of the base amplifier, a fully differential two stage opamp,
is analyzed in reference [6]. The opamp generic block diagram is depicted in
Fig. 1.b.

The two stage opamp implementation was driven by noise-linearity-power
consumption trade-offs. First of all, the stringent noise requirements of wireless
standards lead to low values for the feedback resistors, as is detailed in
Section 4. Hence, the opamp output stage will act as a buffer, reducing the
loading effect on its intrinsic parameters (like GBW) and preserving the intrinsic
performance of the first stage.

The opamp 1/f noise optimization lead to the choice of the p-channel input stage
transistors, while its power consumption optimization sets the class AB topology
for the output stage. Also, since the amplifier is fully differential, a common
mode feed-back loop (CMFB) is required to set the amplifiers output common
mode voltage.

3. Receiver Noise Partitioning Strategy

Today’s commercially available receivers have a very small receiver NF, NFrx, of
about 3 dB, [7]. The 3 dB overall receiver NF budget must be partitioned between
the multi-standard receiver HF and LF parts.

According to Friis equation, [6], the receiver global spot NF, NFgx, can be
calculated from the individual contributions of the receiver HF and LF parts:

NFrx =10log| Fyye + FLZF 1148, (1)
AV HF

where Fur, respectively Fir, represent the spot noise factors of the receiver HF
part, respectively LF part, and Ay yr is the receiver’s HF front-end voltage gain.
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From eq. (1) becomes clear the RF front-end gain reduces the LF blocks noise
contribution. However, the maximum Ay ur is limited by linearity constraints.
Since the interferers/blockers level present at the receiver input may be
considerably larger than the useful signal (e. g. > +70 dBc, [4]), a too large Ay ur
value can clip the receiver RF front-end output. It also leads to poor linearity for
the LNA or the mixer circuits. Thus, typically the Ay ye maximum value is limited
to 200 or 46dB. In this paper, for further calculations we shall consider
AV HE = 40 dB.

Since the LF part noise contribution is strongly reduced by Ay yr, the HF part is
allowed to contribute the most to the overall receiver noise for its power
consumption reduction. So, we assume only 1 dB from NFgx is allocated for the
LF chain. From it, 0.5 dB must be reserved for the ADC noise.

Thus, it results the input referred noise of the receiver LF part analog baseband
blocks corresponds to only 0.5dB from the 3 dB total NFrx budget. Hence, we
can calculate Fr as:

FLF =1+ A% HF@‘O NFRX/lO — FHF); 4000 (2)
4. LF Part Noise Excess Factor

Given the baseband building block structure (see Fig. 1.a), the equivalent input
referred noise spectral density at the LF chain input, v2 ¢ /Af, can be split

between the noise contributions from the LF operational amplifiers, v2 ¢, /Af :

and from the LF part feedback network, vi e /Af :

V%LF/N=Vr21LFa/Af+Vr%LF[3/Af1 3

Thus the LF part of the spot noise factor, Ff, results as:

FLr :1+(V§ LF/Af)/(kBTRS)’ 4)

where kg is the Boltzmann constant, T the absolute temperature and Rs the
equivalent antenna noise resistance.

By introducing eq. (3) into eq.(4) we can clearly distinguish the two
contributions to F ¢ one is originating from the feedback resistors and the other
one is the overhead generated by the LF part operational amplifiers.

In order to properly asses the overhead to the overall noise budget of the LF part
operational amplifiers we introduce the LF part excess noise factor kg, defined

by:
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kLFZ(VELFa/Afj/(Vr%LFB/Af) ®)

Thus, using k_r we can re-write eq. (4) to:

Fie =1+ (L+ kLF)[vﬁ Lep /A ) /(kBTRS ), (6)

The LF part feedback resistors noise spectral density is equivalent to:

va LFB/Af =4kgTRy LFp (7

where Rn.rp is the LF part equivalent noise resistance of the differential
amplifiers feed-back networks.

Similarly the noise spectral density originating from the LF feed-back amplifiers
is given by:

vh LFa/Af =4kpTRy LFa, (8)

where R ra represents the equivalent noise resistance of the LF baseband
amplifiers.

The LF part opamp noise performance and Rp.ra Versus opamp power
consumption dependency were evaluated in reference [8].

Given the noise contributions from egs. (7) and (8), the total input referred LF
noise spectral density of eq. (3) becomes:

Vr21LF/Af =4kBT(Rn LFa + Ry LF[S)’ ©)
Thus the LF part spot noise factor, F g, results as:

Fir =1+ (L +KkLp)4Ry Lep /Rs (10)

5. The Trade-off between the LF Part Power Consumption and Area

From eq. (10), the minimum F g, Firmin, IS achieved when the base amplifiers
noise is negligible compared to the feedback resistance noise (k_r=0). By
rearranging eq. (10), the R, Lrp/Rs ratio as a function of k¢ results as:

Rnirp  Fp-1

Rs  4l+kee)

Fig. 2.a plots the R, .rp/Rs ratio as a function of k.. As expected, the larger the
noise spectral density from the base opamps, a smaller value for feed-back

resistors is required to keep the same noise spectral density contribution for the
baseband blocks.

(11)
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But, in the same time, the integrated capacitance must be increased accordingly to
the requirement of maintaining the low pass filter (LPF) bandwidth and, thus, the
baseband integrated output noise. This is the key trade-off between the LF
circuit’s power consumption and area.

Fig. 2.b plots on the same graph R, .r g, as a measure of the area consumption, and
Rn L a, as a measure of the power consumption, versus k; ¢ for Rs = 100 Q.

50000

40000

30000

20000

1
1 1 1 1

100 fmmm=m=m s m————— - l 10000
1

1 1 1 1
0 0
0 05 1 15 2 0 05 1 15 2

Fig. 2. —a.R,/Rsand b. R, Gy, Lr VS. Ky pr.

Due to the low bandwidth of the envisaged standards (i.e. 100 kHz for GSM), the
receiver area is mainly determined by the amount of integrated LPF capacitance.
Hence, the trade-off represented in Fig 2.b is the key issue of the receiver
baseband noise partitioning.

6. Baseband Noise Partitioning

The LF chain analog building blocks are the mixer transimpedance amplifier, the
LPF and the VGA. Since all of these blocks are based either on one or on a
cascaded series of fully differential feed-back amplifiers embedding linear feed-
back networks (e. g. mixer — [4], LPF — [9], and VGA — [10]), the noise
contribution of the individual blocks can be split between the base operational
amplifiers and the feed-back network resistors. The noise breakdown of the LF
part blocks is presented in Table 1.

Given the notations from Table 1, the total input referred LF noise spectral density
Is:

V%LF/Af =Vr21|v||></Af +V%LPF/Af +V%VGA/Af =
=4|(BT X(1+ kLF)Rn LE = (12)

=4kgT x(1+ kLF)(Rn mix + RnLpr+ Ry VGA)

where kwvix, Kipr and kyca represent the mixer, LPF and VGA noise excess
factors.
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In line with the modular design of the receiver LF part, its noise partitioning

assumes k|_|: = kM IX= k|_p|: = kVGA-

In order to optimize the area consumption, not all of the three individual blocks
noise contributions will be the same. Since the receiver area is mainly dominated
by the amount of integrated LPF capacitance, the LPF will be allowed to
contribute as much as the mixer transimpedance amplifier and the VGA all

together. This translates to the following condition:

RnLpFg = 2Rnmixp =2Rnveap = RnLrp/2

Table 1. Receiver LF Part Noise Breakdown

LF Block Contributors

Formula

Notes

Base 2 kTR Af Rn mix a 1S the mixer’s opamp
amplifier VnMixa = KB hn MiXa equivalent noise resistance
R 1s the mixer’s feedback
Mixer ngﬂg?ﬁk VA Mixp = 4Kg TRy mix pAf Qetwork equivalent noise
E\asef)_?_nd resistance
mplifier
VZMIX Vi MIX V2|v||x Vf%'\/"Xa/Af
TOTAL amix _ Ynwmixa |, VM gy = —X
Af Af Af vZ wixp /AT
Base 2 B Rn Lpea is the LPF opamps
amplifier ViLpra = 4kgTRn Lpraf equivalent noise resistance
peedback 2 brp = 4kgTR, LprpAf Egt%ﬁrlisethjixl/_aPIan];er?gibsaeCk
network VnLPFp = 4K 'Rn LPEB ! q
LPF resistance
2 2 2
Y v Y % Af
TOTAL nALfPF _ nZI:Fa { anIXB Ky pg = nLPFa/
Vi LPFp / Af
Base 52 LINE W Rnveaa is the VGA opamps
amplifier R e . equivalent noise resistance
Feed-back Rnveap is the VGA feedback
resistors vﬁ veAp = 4KeTRy vea pAf network equivalent noise
VGA resistance
VAveA VhveAa  VevGAp Viveaa /Af
TOTAL = + ==
Af Af Af

Vr21VGAB/Af
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(13)
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Hence, the F  becomes:

FLe =1+(L+kir)8Ry Lprp /Rs (14)

Rn Lpr, and subsequently R, mix and R, vea, can be calculates as:

Fe—1

Fig. 3.a plots Rnipra and Ryuprp, While Fig. 3.0 shows the Rnmixa Rnmixp,
Rnvcaa and Rnvea g as a function of ki pr.
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Fig. 3. —a. Ry Lpra Rnipep and b. Romix a Rn mix # Rnveaa Rnveap VS. Kipe.

Finally, the proposed receiver baseband noise partitioning gives the same
importance to both area and power consumption by setting k_g=1. It results,
Rn MIX B = Rn VGAB§7-5 kQ and Rn |_p|:[3§15 kQ.

5. Conclusions

The paper presented the noise partitioning strategy for the low frequency part of a
multi standard direct conversion wireless receiver embedding analog signal
conditioning.

The noise of the LF chain is split between the noise contributions from the LF
operational amplifiers, v2,r, , and from the LF part resistances embedded in the

feedback network, v3 ¢ .

By introducing a factor k.= v, / v2 Lrp that measures the LF part excess noise

factor due to the baseband operational amplifiers, the LF blocks noise can be
referred only to the noise of the opamp feedback network.

Hence, the noise partitioning strategy of the receiver baseband blocks is bounded
to the power consumption / area trade-off.
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The larger the noise of the base opamps (i.e. larger k.r, equivalent to lower
opamp current consumption), a smaller value for feed-back resistors is required to
keep the same noise contribution for the baseband blocks; but, in the same time,
the integrated capacitance must be increased accordingly to maintain the same
LF chain bandwidth.

Finally, the receiver baseband noise partitioning gives the same importance to
both area and power consumption by setting k. = 1.
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